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Description
1. Field of the disclosure

[0001] The present disclosure relates generally to techniques for forming field intensity patterns from electromagnetic
waves, among which visible light. More particularly, but not exclusively, the present disclosure relates to techniques for
near-field focusing and beam forming in the near field zone. By near field zone, it is meant here, and throughout this
document, a region around a device according to the present disclosure, whose dimensions can extend from a fraction
of the wavelength to about ten wavelengths in the host medium. It may not obviously be limited to the non-radiative
(reactive) zone but can also comprise the Fresnel radiative, the transition, and partly the far-field zones, depending on
the size of the device.

2. Background

[0002] The presentsection isintended to introduce the reader to various aspects of art, which may be related to various
aspects of the present disclosure that are described and/or claimed below. This discussion is believed to be helpful in
providing the reader with background information to facilitate a better understanding of the various aspects of the present
disclosure. Accordingly, it should be understood that these statements are to be read in this light, and not as admissions
of prior art.

[0003] Microlenses are essential building blocks of many optical systems. They are used to correct the phase front of
electromagnetic waves incident on a given surface in order to focus light into a given point in space or to collimate it
along an optical line-of-sight between a transmitter and receiver. Dimensions of microlenses may vary from hundreds
to about one micron, which makes their fabrication, integration, and alignment in an optical device rather challenging.
Moreover, the focusing ability of standard refractive and diffractive lenses decreases drastically with dimensions, thus
affecting efficiency of the entire optical system. Such a drawback is linked to the operational principles of the microlenses
and thus constitutes a fundamental limitation.

[0004] To overcome this limitation, a new family of so-called nanojet microlenses has been proposed, as described
for example in Patent document EP3223063. Unlike the refractive and diffractive lenses, operational principle of nanojet
microlenses is based on an edge diffraction phenomenon, which leads to an abrupt deformation of the electromagnetic
wave phase front in a close vicinity of the edge. More particularly, such an edge is formed by a step of refractive index
in a dielectric microstructure, and gives rise to a diffraction phenomenon, which is in turn coupled to refraction and
interference phenomena. This allows generating condensed beam(s) of radiation - referred to as nanojet beam(s) - in
the near zone, when the dielectric microstructure is illuminated by a plane wave, depending on the shape and dimensions
of the structure. Such an edge can for example be associated with a bottom surface of a dielectric microstructure, e.g.
dielectric cylinder, cone, or prism with an arbitrary cross-section. It can also correspond to the edge of a cavity made in
a dielectric host medium.

[0005] Figure 1 illustrates an example of an abrupt change occurring in the level of the surface of a dielectric layer
112, thus forming a step in the layer that can give birth to nanojet beams. Figure 1a shows a side view of the dielectric
layer 112. Figures 1b and 1c respectively show top views in case of a step with a straight (figure 1b) and curved (figure
1c) edge lines. As shown in figure 1a, the device is illuminated by an incident electromagnetic wave 20, coming from
the base of the device and orthogonal to the base surface of the dielectric layer 112, along the z-axis. As schematically
shown by the dashed arrows in figures 1b and 1c, a nanojet beam 55 originates from the base edge of the step, which
comprises a bottom surface 120 (with respect to the arrival direction of the electromagnetic wave 20) and a lateral surface
121 (which may also be tilted with respect to the z-axis). Spots referenced 22 to 24 indicate the corresponding hot spots
in the near-field distribution formed in the imaging plane. The specific field distribution with two hot spots 23, 24 observed
in figure 1c is associated with the shape of the edge line with two concave segments responsible for the formation of
two independent nanojet beams.

[0006] The origins of the nanojet beams can be explained by the combination of three electromagnetic phenomena,
which occur in the vicinity of the abrupt change of level in the surface of the dielectric material. A schematic drawing
illustrating these phenomena occurring in the vicinity of a cavity edge line is presented in relation with figures 2a and
2b, namely:

- diffraction on the index-step discontinuity associated with the base 120 (i.e. bottom surface) of the cavity (or, more
generally with the surface of lower level of a step formed in the host medium);

- refraction of the diffracted wave at the lateral surface 121 of the cavity (or more generally at the lateral surface of
the step); and

- interference of the refracted wave and the incident plane wave outside the cavity (or more generally in the host
medium).
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[0007] In the example of figure 2a and 2b, the host medium (referred to as Medial) is an optically transparent non-
dispersive dielectric material having a refractive index n4 higher than the refractive index n, of the medium filling the
cavity (referred to as Media2). For example, Media 1 has a refractive index n4=1.49 (e.qg. plastic or glass) and the cavity
is filled with vacuum (n,=1) or air (ny~1). The incident plane wave arrives from below in the diagrams.

[0008] The key elements of the complex electromagnetic phenomena illustrated in figures 2a and 2b are the following:

- The incident plane wave induces equivalent currents at the dielectric-air boundary 120 associated with the cavity
base (or more generally when reaching the step of index in the host medium induced by the abrupt change of level
in its surface);

- These induced currents are considered as Huygens secondary sources 50 to 53;

- In line with the diffraction theory, the spherical waves 54 radiated by the Huygens sources cause some power
leakage towards the 'shadow region’, i.e. towards the lateral boundary 121 of the cavity;

- While crossing the lateral boundary 121, the waves radiated by the Huygens sources experience refraction that
causes a tilt of the refracted wave on a certain angle in accordance with the Snell-Descartes’s law.

- Infigure 2b, it can be notice that outside the cavity the wave fronts coincide for different Huygens source positions
along the cavity base line, thus creating a local field enhancement. The planar shape of these fronts evidences for
the creation of a directive beam propagating out of the cavity.

- Finally, outside the cavity the refracted wave is constructively interfering 56, 57 with the plane wave incident from
below giving rise to the nanojet beam 55.

[0009] The nanojet beam creation is hence explained by phenomena that are non-dispersive in nature, namely (i)
edge diffraction, (ii) refraction of the wave at the interface of two dielectric media, and (iii) interference. This explains
why the shape of the beam and its radiation angle remain stable versus wavelength.

[0010] Moreover, for the case of a normal incidence of a plane wave on the base of the cavity, the nanojet beam
radiation angle g is defined by the Snell’s law and, thus, only as a function of two parameters:

(i) ratio between the refraction indexes of the host media and cavity materials, and
(i) the base angle of the prismatic cavity.

[0011] Last, the nanojet beam-forming phenomenon is associated with the edge (not a full aperture) of the cavity.
[0012] For sake of simplicity, in the foregoing, we only consider a prismatic cavity with the base angle equal 90°, thus
having vertical edges.

[0013] As follows from figure 2b, the main contribution to the formation of the planar wave front of the refracted wave
outside the cavity comes from the Huygens sources 50-53 located close to the lateral edge 121 of the cavity. Because
of this, the refraction angle of the wave radiated outward the cavity is close to the critical angle for the wave incident on
the same boundary from outside (figure 2a):

(Eq. 1) 0; = Onr, where O = sin'l(nz/nl) is the critical angle.

[0014] The nanojet beam 55 is finally created as a result of the interference between the refracted wave and the plane
wave incident from below, the angle of radiation of the nanojet beam 65 is defined by a vector sum of the two waves as
schematically shown in figure 2a. These considerations lead one to the following approximate formula for the radiation
angle of the nanojet beam:

(Eq.2) O = (90° — Oe)/2

[0015] It follows from the above that performance characteristics of nanojet microlenses are defined by the ratio of
indexes at the lateral surface of the microstructure (i.e. nanojet microlenses), shape of the lens edge line, and base
angle of the lens lateral surface. Such a mechanism is different from the one which governs the operation of standard
refractive and diffractive microlenses. For example, the focal length of the nanojet microlens is not defined as a function
of the radius of curvature of a lens, as in case of a refractive microlens. Such independence of the nanojet microlens
characteristics from the shape of the lens surface is of interest, since it allows for design of flat nanojet microlenses with
arbitrary cross-section and wavelength-scale dimensions, which facilitates their fabrication and their integration in an
optical system. On the other hand, however, independence of the nanojet beam forming mechanism from the shape of
the lens surface deprives one of a mean to control the focal length of the nanojet microlenses. In fact, available solutions
to finely tune nanojet lens performance characteristics - such as focal length, nanojet beam direction, and focusing
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efficiency - are rather limited. Furthermore, among available solutions, some are not always acceptable for various
practical reasons such as cost, feasibility, fabrication process, etc. For example, the choice of material and slope/shape
of the lateral surface of the lens is usually determined by the fabrication process: changing the base angle of the nanojet
structure and/or its material is thus not always possible, or too costly. As a result, at present, the only easy adaptable
parameter for the control over the focal length of a nanojet microlens is the size/shape of the lens bottom (e.g. radius
of a cylindrical pillar). However, in some applications, such as image-sensors design involving array of microlenses,
changing the size/shape of the microlenses may not be feasible. This lack of means for the adjustment of the focal length
thus causes difficulties with integration of nanojet microlenses at a system level.

[0016] Another problem, which is also a corollary of the nanojet lens operational principle, is the limited focusing
efficiency of nanojet microlenses. This problem is due to the fact that the effective aperture of nanojet microlens is
determined by the length of the base edge line instead of the surface as in the case of refractive/diffractive microlenses.
Thus, being well pronounced and dominant for lenses with wavelength-scale dimensions, the nanojet focusing phenom-
enon rapidly loses its significance for lenses with diameter larger than a few wavelengths and is finally masked by the
Fresnel-type diffraction pattern caused by the interference between the wave passing through the lens and outside the
lens. A solution to overcome this limitation and enable high focusing efficiency relies on generation and recombination
of multiple nanojet beams associated with a plurality of step-like discontinuities implemented in a nanojet beam forming
structure. However, in many cases, realization of this operational principle requires the use of dielectric materials with
specific values of refractive index, which is not always feasible due to a limited set of optically-transparent dielectric
materials - and thus of refractive indexes - available in the visible range.

[0017] Finally, for some applications there is a need to vary performance characteristics of different focusing elements
in an array depending on their position, which is a typical scenario forimage sensors with different illumination conditions
provided for central and peripheral pixels. To compensate for the tolerance of the fabrication and alignment process, it
is important to minimize the number of steps in the fabrication process. Thus, it is often preferable to fabricate the entire
array structure in one material, rather than mixing different materials. This imposes strong limitations on the design of
microlenses. Nanojet microlenses have a potential to complement or even replace standard refractive microlenses in
image sensors thanks to their more attractive form factor, which is compatible with lithography techniques and whose
fabrication does not require a melting phase. However, limited flexibility in the design of single-material nanojet micro-
lenses may not allow for effective harvesting of the light incident from the full surface of the pixel. Single-material
microlenses may also have limited degree of adaptability for different illumination conditions intrinsic to central and
peripheral pixels.

[0018] Based on the above, one can conclude that it would be desirable to provide a new technique for forming focused
optical beams in the near zone from an electromagnetic wave, which would not present these drawbacks of prior art.
More particularly, there is a need for new nanojet microlens components that provide additional means for optimization
of nanojet beam performance, while at the same time remaining easy to manufacture.

3. Summary

[0019] According to an aspect of the present disclosure, an optically-transparent device is disclosed. Such a device
is configured for forming at least one focused beam in a near field zone of said device from an electromagnetic wave
incidentally illuminating the device, when said device is embedded in a dielectric host medium. Said device comprises
at least one portion of a composite dielectric material, formed by inclusions of a first dielectric material having a first
refractive index n into a second dielectric material having a second refractive index n, different from the first refractive
index n4. A dimension of each of said inclusions in at least one direction is smaller than A/2, A being the wavelength of
said electromagnetic wave in said dielectric host medium, so that said composite dielectric material has an effective
refractive index ng; defined as a function of said first and second refractive indexes and as a function of a fill factor of
said first dielectric material within said second dielectric material. Furthermore, the device is arranged so that at least
one of said at least one focused beam originates from an edge between a bottom surface and a lateral surface of said
at least one portion of a composite dielectric material, the bottom surface being defined with respect to an arrival direction
of said electromagnetic wave.

[0020] In that way, a new design of nanojet microlens is proposed, which offers more flexibility to finely tune nanojet
lens performance characteristics. Indeed, the use of a composite dielectric material as proposed - in line with the concept
known as effective index model - provides additional degree of freedom for the design and fabrication of nanojet micro-
lenses, making it possible to overcome constraints of prior art nanojet microlenses associated with the limited set of
available standard dielectric materials having different refractive indexes. In particular, it gives access to an extended-
range of index ratio at a diopter between the proposed composite dielectric material and another dielectric material, and
thus, incidentally, to an extended-range of possible radiation angles for the generated nanojet beams. In that way, the
characteristics of the generated nanojet beams - such as nanojet beam direction, focal length, and focusing efficiency
- can be better controlled. More particularly, since the composite dielectric material can be obtained from standard
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dielectric material, the proposed technique makes it possible to modify the focal length of a fixed-size nanojet micro lens
made of a standard dielectric material.

[0021] According to an embodiment, a width W, of said at least one portion of a composite dielectric material is
configured so that A/2 < Wy < 10A.

[0022] In that way, the dimensions of the microlens is arranged so that the nanojet-beam phenomenon is dominant
over the Fresnel diffraction phenomenon.

[0023] According to an embodiment said inclusions take the form of grooves, through-holes, or cavities within said
second dielectric material, said grooves, holes, or cavities being filed with said first dielectric material.

[0024] In that way, the refractive index of a bulk dielectric material (the second dielectric material) can be modified so
as to obtain a composite dielectric material having a desired effective refractive index, by varying the size, shape and
spacing of the grooves, through-holes, or cavities. The first dielectric material may for example be the air, in which case
the refractive index of a bulk dielectric material is even more easily adaptable, by creating hollow grooves, through-
holes, or cavities within the mass of the dielectric material.

[0025] According to a particular feature of this embodiment, said inclusions take the form of substantially spherical
cavities randomly distributed within said second dielectric material, the diameter of each of said cavities being smaller
than A/2.

[0026] In that way, a simple Volume Averaging Theory can be used so as to define the effective refractive index of
the composite dielectric material.

[0027] According to another embodiment, said composite dielectric material is a stratified medium, the inclusions
taking the form of layers of said first dielectric material interleaved between layers of said second dielectric material.
[0028] In that way, itis possible to obtain a composite dielectric material whose effective refractive index depends not
only on the structure of the layers (material, thickness, etc.), but also on the polarization of the electromagnetic wave
illuminating the device. Such a stratified medium is intrinsically birefringent, thus providing additional flexibility in the
design of complex nanojet structures.

[0029] According to a particular feature of this embodiment, said stratified medium is configured so that W,+W, <
Amax(n4,n,), where W4 and W, corresponds respectively to the thickness of each layer of said first dielectric material
and to the thickness of each layer of said second dielectric material.

[0030] In that way, the wavelength of the incident electromagnetic wave is much larger than the period W,+W, of the
stratified medium, and the stratified medium thus operates in deep-sub-wavelength regime where its effective refractive
indexes (for TE and TM polarizations) are well defined by the effective index model.

[0031] According to an embodiment, said first dielectric material belongs to the group comprising:

- (glass;

- plastic;

- apolymer material;
- aliquid;

- agas.

[0032] According to an embodiment, said second dielectric material belongs to the group comprising:

- (glass;
- plastic;
- apolymer material.

[0033] Such a device can hence be fabricated using standard dielectric materials, which are easy to find and inex-
pensive.

[0034] According to an embodiment, said device comprises at least another portion of a dielectric material, at least a
surface of said another portion being in contact with a surface of said one portion of a composite dielectric material, and
said another portion having a refractive index different from the effective refractive index ng of said one portion of a
composite dielectric material.

[0035] Inthat way, the proposed technique can be used in the implementation of complex multi-material nanojet-based
beam-forming structures, whose operational principle relies for example on generation and recombination of multiple
nanojet beams associated with multiple step-like discontinuities.

[0036] According to a particular feature of this embodiment, said another portion of a dielectric material is made of
one of the first or second dielectric material.

[0037] In that way, the fabrication of such complex nanojet microlenses is simplified. Indeed, a nanojet-based beam-
forming structure comprising a plurality of counterparts with different refractive indexes can for example easily be obtained
from a single dielectric bulk material, by creating grooves, through-holes, or cavities only in some targeted portion of
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said bulk material.

[0038] According to another aspect of the present disclosure, a system is disclosed which comprises a dielectric host
medium and at least one optically-transparent device according to any one of the embodiments cited above embedded
into said dielectric host medium.

[0039] According to an embodiment, said dielectric host medium is in a solid state, the at least one portion of a
composite dielectric material of said optically-transparent device is formed by arranging a plurality of cavities within said
dielectric host medium.

[0040] According to another embodiment, said system further comprises a dielectric substrate acting as a support
layer, and said at least one optically-transparent device according to any one of the embodiments cited above is placed
on said dielectric substrate.

[0041] Accordingto an embodiment of the present disclosure, said system comprises a plurality of optically-transparent
devices according to any one of the embodiments cited above, said optically-transparent devices being uniformly dis-
tributed within said dielectric host medium so as to form a regular two-dimensional or three dimensional pattern.
[0042] Inthatway, according to these aspects of the present disclosure, it is notably possible to form structures allowing
gar-field applications. For example, a non-complicated diffraction grating (i.e. easy to manufacture compared to con-
ventional diffraction grating) having high diffraction efficiency may be formed, by uniformly distributing a plurality of the
proposed optically-transparent devices within a dielectric host medium.

[0043] It is to be understood that both the foregoing general description and the following detailed description are
exemplary and explanatory and are not restrictive of the disclosure, as claimed.

[0044] It mustalsobe understood thatreferences in the specification to "one embodiment” or "an embodiment", indicate
that the embodiment described may include a particular feature, structure, or characteristic, but every embodiment may
not necessarily include the particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or characteristicis described in connection
with an embodiment, it is submitted that it is within the knowledge of one skilled in the art to affect such feature, structure,
or characteristic in connection with other embodiments whether or not explicitly described.

4. Brief description of the drawings

[0045] Embodiments of the present disclosure can be better understood with reference to the following description
and drawings, given by way of example and not limiting the scope of protection, and in which:

- Figure 1, already described in relation with prior art, is a schematic drawing of a nanojet beam produced by a
dielectric layer with a step, with figure 1a a side view and figures 1b and 1c¢ top views according to two alternate
embodiments of prior art;

- Figures 2a and 2b, already described in relation with prior art, illustrate the complex electromagnetic phenomena
involved in nanojet beams generation;

- Figure 3 illustrates cross-section view of an effective refractive index based nanojet microlens according to an
embodiment of the present disclosure;

- Figures 4a and 4b illustrate two different ways for forming a composite dielectric material having an effective
refractive index, according to embodiments of the present disclosure: a porous effective medium (figure 4a) and a
stratified effective medium (figure 4b);

- Figure 5 shows how the effective refractive index of a stratified effective medium varies as a function of the fill factor,
according to an embodiment of the present disclosure;

- Figure 6 illustrates cross section view of an effective refractive index based nanojet microlens implemented in the
form of cavities created within a host medium, according to an embodiment of the present disclosure;

- Figure 7a, 7b, 7c and 7d show simulation results illustrating the power density distribution of the nanojet beams
generated with different configurations of the effective refractive index based nanojet microlens of figure 6, according
to an embodiment of the disclosure;

- Figure 8a and 8b correspond respectively to an enlarged view of figure 7c and 7d, with nanojet beams schematically
highlighted by arrows;

- Figure9aillustrates cross section view of an effective refractive index based nanojet microlens placed on a substrate
layer, according to another embodiment of the present disclosure;

- Figure 9b illustrates cross section view of a bulk nanojet microlens of prior art, for comparison purpose with the
effective refractive index based nanojet microlens of figure 9a;

- Figure 10 shows dependence of the effective refractive index versus fill factor for a stratified medium comprises
alternating dielectric layers having specific refractive indexes, according to an embodiment of the present disclosure;

- Figure 11a, 11b, 11c and 11d show simulation results comparing the power density distribution of the nanojet
beams generated by a bulk nanojet microlens according to figure 9b versus an effective refractive index based
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nanojet microlens according to figure 9a, for TE polarization of the incident electromagnetic wave, according to an
embodiment of the disclosure;

- Figure 12 shows simulation results comparing the power density distribution of the nanojet beams generated by a
bulk nanojet microlens according to figure 9b versus an effective refractive index based nanojet microlens according
to figure 9a, for TM polarization of the incident electromagnetic wave, according to an embodiment of the disclosure;

- Figure 13 and 14 illustrate cross views of various possible implementations of an effective refractive index based
nanojet microlens, according to an embodiment of the disclosure.

[0046] The components in the figures are not necessarily to scale, emphasis instead being placed upon illustrating
the principles of the disclosure.

5. Detailed description
5.1 General principle

[0047] The present disclosure relates to a new technical solution for the design of near-field focusing devices, and
more particularly of nanojet microlenses. As described in relation with prior art, a nanojet microlens is an optically-
transparent device configured for forming at least one focused optical beam in a near field zone of the device, from an
electromagnetic wave incidentally illuminating said device when it is embedded in a dielectric host medium. As it will be
described throughout the present disclosure, the proposed microlens device topology enables fine-tuning of the nanojet
lens performance characteristics, such as nanojet beam direction, focal length, and focusing efficiency (i.e. field intensity
enhancement). Furthermore, the proposed technique paves the way for simple fabrication of multi-material nanojet
microlenses, comprising two or more regions with different refractive indexes, and whose performance may involve
recombination of a plurality of nanojet beams associated with a plurality of step-like discontinuities in single-layer or
multi-layer dielectric microstructures. Step-like discontinuity is to be understood as a rapid change of refractive index
along a line orthogonal to the incident wave propagation direction, and may be associated, for example, with an edge
of a dielectric rib or cylinder.

[0048] According to the general principle of the disclosure, such desired effects can be achieved by using a composite
dielectric material in the design of nanojet microlenses, the composite dielectric material having particular characteristics
that will be described hereafter. More particularly, the disclosure pertains to a new type of nanojet microlens comprising
at least one portion of a composite dielectric material, formed by inclusions of a first dielectric material having a first
refractive index n, into a second dielectric material having a second refractive index n, different from the first refractive
index n4. According to the proposed technique, a dimension of each of said inclusions in at least one direction is smaller
than A/2, where X is the wavelength of the electromagnetic wave in the dielectric host medium. First and second dielectric
materials belong for example to the group comprising glass, plastic, a polymer material, a liquid, a gaz. The second
dielectric material may preferentially (but not necessary) be in a solid state (e.g. glass, plastic or a polymer material),
for example so as to contain a first dielectric material in a form of gaz or liquid. Under certain conditions, it has been
shown, in line with the concept known as "effective index model", that such a composite dielectric material behaves as
an homogeneous dielectric material having its own refractive index - referred to as an effective refractive index ng -
which can be defined as a function of said first and second refractive indexes n and n, and as a function of a fill factor
of said first dielectric material within said second dielectric material. The composite dielectric material is then sometimes
referred to as an effective medium.

[0049] According the disclosure, the proposed nanojet microlens is further arranged so that a bottom surface and a
lateral surface of said portion of a composite dielectric material form together an edge, the bottom surface being defined
with respect to an arrival direction of the incident electromagnetic wave illuminating the device. Such a topology allows,
as a result of the combination of electromagnetic phenomena previously described in relation with prior art, generating
at least one focused beam originating from the edge between said bottom and lateral surfaces, when the device is
illuminated by an electromagnetic wave. The focused beam generated by the proposed device is characterized by:

- its orientation: the beam axis forms an angle with respect to the incident wave propagation direction, with a typical
deviation angle 10<65<40 degrees;

- its dimensions: the beam width in a plane orthogonal to the beam axis is smaller than the wavelength of the incident
electromagnetic wave in the host medium;

- its intensity: the beam intensity presents a field intensity enhancement of at least a factor of two compared to the
incident electromagnetic wave.

[0050] As an illustration of the above-introduced general principle, Figure 3 shows an example of an optically-trans-
parentdevice ML according to an embodiment of the present disclosure. The optically-transparent device ML is embedded
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in a dielectric host medium (refractive index n,), and is placed on a dielectric substrate (refractive index ny). Itis illuminated
by an electromagnetic wave EM coming from the bottom (i.e. orthogonal to a base surface of the device). The device
ML comprises a portion P of a composite dielectric material as previously defined, associated with an effective refractive
index nggr. The width Wy of portion P« is comprised between A/2 and 104, with A the wavelength of the electromagnetic
wave in the dielectric host medium. In the particular example of figure 3, the device ML also comprises a portion Py, of
a dielectric material (refractive index n,). Materials are chosen so that n,<n <n,. In accordance with nanojet beam-
forming principles introduced in relation with prior art, a nanojet beam NJ is generated at the interface between portions
P and Py, of the device ML, originating from the edge between the bottom surface of the device (with respect to the
arrival direction of the incident electromagnetic wave EM) and the lateral surface separating the two portions P4 and
Py It should be noted that other nanojet beams - not represented on figure 3 for sake of clarity - are also generated
respectively at the interface between portion P and the host medium, and at the interface between portion P, and the
host medium. The nanojet beam NJ is characterized by its radiation angle 65, which depends only on the ratio ny/ngg in
case of a base angle equal to 90°, as shown by equation Eq.2 introduced in relation with prior art.

[0051] It follows from the foregoing that the use of a composite dielectric material in the design of a nanojet microlens
is of great interest. Indeed, varying morphology of inclusions of the first dielectric material into the second dielectric
material makes it possible to play on the fill factor and to control the effective refractive index ng of the resulting composite
dielectric material. For example, it is possible to modify refractive index of a bulk dielectric material by creating narrow
grooves, through-holes, or cavities in the mass of the material, as described later in the present document. It that way,
one can obtain a composite dielectric material having an effective refractive index n which is different than refractive
indexes classically available with standard dielectric material. This offers access to an extended-range of possible index
ratio at an interface between the effective medium and another region and, incidentally, to an extended range of radiation
angle dg available for the generated nanojet beam. In particular, whereas the nanojet radiation angle can vary in a limited
range of about 17 to 30 degrees for a conventional nanojet microlens made of standard homogeneous dielectric materials
(with refractive indexes varying in the range between 1.2 to 2), the use of an effective medium allows reaching an
extended range of radiation angle of about 10 to 40 degrees.

[0052] The proposed technique thus provides an additional degree of freedom in the design and fabrication of nanojet
microlenses. In particular, it allows for the fabrication of nanojet microlenses with longer focal length, which is not feasible
or difficult to provide using standard dielectric materials. As it will be described later, it can also be used for the fabrication
of complex nanojet beam-forming components comprising a plurality of regions with different refractive indexes.

5.2 Description of detailed embodiments
[0053] Various embodiments for implementing a nanojet microlens according to the present disclosure are now de-
scribed. As it will described hereafter, the proposed technique enables fine-tuning of the nanojet lens performance

characteristics by:

- varying the way the composite dielectric material is formed (implementation of the effective index model); and/or
- varying the topology of the microlens itself (investigated through simulation tools) .

Effective index model implementation

[0054] As previously described, a composite dielectric material according to the disclosure is formed by inclusions of
a first dielectric material having a first refractive index n, into a second dielectric material having a second refractive
index n, different from the first refractive index n4, in such a way that said composite dielectric material behaves as an
homogeneous dielectric material having a effective refractive index ngg.

[0055] Two ways for implementing such a composite dielectric material (also called effective medium) are now de-
scribed in relation with figures 3a and 3b: a porous implementation and a stratified implementation.

[0056] In the porous implementation described in relation with figure 4a, some cavities are created within the volume
of a bulk material (second dielectric material). For example, the inclusions take the form of substantially spherical cavities
(i.e. pores)filled with the first dielectric material (Medium 1) and randomly distributed within said second dielectric material
(Medium 2), the diameter of each of said cavities being smaller than A/2. Since the cavities have thus dimensions much
smaller that one half of the wavelength of the electromagnetic wave in the host medium, the impact of their shape can
be neglected. More specifically, according to the effective index model, optical properties of such a dielectric material
with sub-wavelength inclusions of another dielectric material can be characterized by means of an effective refractive
index ngg, Which can be defined as a weighted average of the refractive indexes of the two materials. In case of two-
phase mixture of non-absorbing materials, a simple Volume Averaging Theory (VAT) can be used, and the effective
refractive index can be defined by the formula:
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(Eq.3) nepr = (¢ng + (1 — p)n3)!/?

where ¢ € [0,1] is the fill factor, representing the fraction of first dielectric material having refractive index n, imbedded
in second dielectric material having refractive index n,.

[0057] Inthe layered implementation described in relation with figure 4b, the composite dielectric material is a stratified
medium, the inclusions taking the form of layers of said first dielectric material (Medium 1) interleaved between layers
of said second dielectric material (Medium 2). In other words, the composite dielectric material comprises alternating
dielectric layers of respective refractive indexes ny and n,.

[0058] In such a case, according to the effective index model, it has been shown that the effective refractive index of
the composite dielectric material depends not only on structure parameters of the layers (refractive indexes, thickness),
but also on polarization of the electromagnetic wave illuminating the stratified medium. For example, when the stratified
medium is illuminated by a plane wave from below, as represented on figure 4b, with E-vector oriented along y-direction
(i.e. parallel to the layers) denoted as TE polarization and with M-vector oriented along x-direction (orthogonal to the
layers) denoted as TM polarization, two effective refractive indexes n (for TE polarization) and n, (for TM polarization)
can be associated with the composite dielectric material:

(Eq.4a)  my=(¢nf+ (1~ $)nd)"/?
1

(qb% +(1- qb)%)l/2

1

(Eq.4b) n, =

where ¢ = W, /(W, + W,) is the fill factor of the stratified medium comprising alternating dielectric layers with refractive
indexes n4 and n, and thickness W, and W,, respectively.

[0059] It can be noted that equation Eq.4a coincides with equation Eq.3.

[0060] According to the effective index model, equations Eq.4a and Eq.4b for a stratified medium are valid in a deep-
sub-wave-length regime, when the wavelength of the incident wave is much larger than the period of the structure, i.e.

Wy +W, max {nq,ny}.

[0061] Asmay be observed from the above, whatever the way the composite dielectric material is implemented (porous
or stratified), the effective refractive index depends on the fill factor of the first dielectric material within said second
dielectric material. Thus, by varying parameters such a size, shape, spacing, thickness of the inclusions, one can
obtained, from conventional dielectric materials, a composite dielectric material having an effective refractive index that
does not belong to the range of refractive indexes available with conventional bulk dielectric materials.

[0062] Forexample, figure 5 shows dependence of the effective refractive index versus fill factor for a stratified medium
in which the alternating layers are implemented by creating grooves filled with air (refractive index n,~1) within a bulk
material having refractive index n,. Two different cases, corresponding to two different bulk materials, are illustrated:
n,=1.6 and n,=1.8. As may be observed, and as previously presented, the effective index value depends on the polar-
ization of the incident electromagnetic wave, which means that a stratified effective medium is intrinsically birefringent.
It can also be noted that for both polarizations TE and TM, the effective refractive index varies in betweenn, (i.e. 1)and n,.
[0063] Even some values of effective refractive index may not be obtained in practice due to some fabrication constraint
(e.g. it may be difficult to fabricate narrow grooves or pillars with large height/width ratio), it follows from the foregoing
that the proposed technique offers a way to overcome some limitations of current nanojet microlenses, the effective
index model providing additional degree of freedom for the design and fabrication of nanojet microlenses (mainly by
enabling fine control of the index ratio which governs nanojet beam radiation angle, but also by enabling new applications
relying for example on birefringence properties of particular effective medium).

Simulation results

[0064] A 3D Finite-Difference Time-Domain (FDTD) method to is now used to simulate different embodiments of the
proposed effective refractive index based nanojet microlens, and to analyse the data obtained.

[0065] Figure 6 illustrates an embodiment of the present disclosure, where the nanojet beam-forming element is in a
form of a hollow cavity created in a homogeneous dielectric medium with refractive index n; and partly filled in with



10

15

20

25

30

35

40

45

50

55

EP 3 633 421 A1

another dielectric medium (e.g. air) with refractive index n, lower than n,. The device is illuminated by a TE-polarized
plane wave from below. In the proposed embodiment, the cavity is divided into two portions: a first portion of width W,
filled with an effective medium such as a layered medium as already presented in relation with figure 4b, and a second
portion of width W which remains fully filled with the dielectric medium having refractive index n,. The first portion, the
second portion and the host medium thus define three lateral surfaces LS1, LS2 and LS3. The effective medium comprises
2N alternating dielectric layers with equal thickness (W,=W, ~ X,/5n,, where 1, is the free space wavelength of the
electromagnetic wave illuminating the device). Alternating layers refractive indexes are n, and n,, equal to those of the
host medium and cavity fill materials, respectively.

[0066] Some simulation results for different number 2N of alternating dielectric layers are presented in relation with
figure 7. More particularly, figure 7 shows power density distribution in the xz-plane of the nanojets generated by
illuminating from bottom a microlens by a plane wave at A=450nm (wavelength in the host medium), the microlens having
the following characteristics: n4=1.6, n,=1, H=W;=500nm, W,=W,=60nm. Images (a), (b), (c) and (d) correspond to
different length of the first portion of width W, filled with an effective medium: (a) N=2, (b) N=4, (c) N=8, (d) N=12.
According to equation Eq.4a and figure 5, under these conditions, the effective refractive index of the stratified medium
is nH=1 .33 (TE polarization, fill factor ¢ = 0.5).

[0067] Analysis of figure 7 shows that the cavity can be considered as being constructed of two independent coun-
terparts with corresponding refractive indexes n, and n| as soon as the size of each part is larger than the wavelength
in the host medium, namely:

WC > /10/7’[1 and WO = N(Wl + Wz) > /10/7’[1

[0068] If size of any of the constitutive parts is smaller than the wavelength in the host medium (figure 7a), an asym-
metrical pattern is created: two independent nanojet beams NJ1 and NJ2 are observed, with NJ2 an enhanced nanojet
beam tilted towards smaller 6 values.

[0069] If the size of the constitutive parts is larger than the wavelength in the host medium (figures 7b, 7c and 7d),
three independent nanojet beams NJ1, NJ2 and NJ3 are generated, with nanojet deviation angles well predicted by
equation Eq.2 applied at each of the three lateral surfaces LS1, LS2 and LS3, and using the equation Eq.4a for char-
acterization of the effective index of refraction of the stratified medium. One can also observed on figures 6b and 6¢ an
enhanced nanojet beam NJR resulting from the recombination of nanojet beams NJ2 and NJ3.

[0070] Zoom of field intensity patterns for two different configurations of the cavity is provided in figure 8, with nanojet
beams highlighted by black arrows. More particularly, figure 8a is the same as figure 7¢ (N=8), and figure 8b is the same
as figure 7d (N=12). The values of the nanojet radiation angle predicted by equation Eq.2 on one hand, and extracted
from figure 8 on the other hand, are reported in the following table, and compared.

Interface | Indexratio | Theta | Predicted by Eq.2 | Simulated
LS1 n4/ny, =1.6 04 257 25.8
LS2 ny/ny=1.33 05 20.6 20.3
LS3 ny/n=1.2 05 16.8 18.0

[0071] As it can be observed on figures 8a and 8b, the simulated values of the nanojet beam radiation angle are the
same for both configurations, which was expected since the fill factor remains the same for the two configurations. For
the selected parameters of the nanojet beam-forming element, the deviation between predicted and simulated radiation
angle does not exceed 1.2 degree, which is considered as acceptable and confirms the validity of the proposed general
principle, at least for these dimensions of the nanojet microlens.

[0072] Anotherembodiment of the proposed disclosure is now described in relation with figure 9a. In this embodiment,
a nanojet microlens takes the form of a single portion of stratified medium as illustrated on figure 4b. The structure is
assumed infinite along y-axis. The stratified medium is embedded in a host medium having a refractive index n,, and is
lying on a substrate layer having a refractive index ng. The substrate material can be selected arbitrary, e.g. ng=1. The
stratified medium comprises alternating dielectric layers having refractive indexes n,, and n,. As previously presented
in relation with figure 4b, it thus behaves as an effective medium having an effective refractive index neg (nj or n;.
depending on the polarization of the incident electromagnetic wave), which may be defined as a function of ny, n,, and
of the fill factor. The simulated performance of the nanojet microlens of figure 9a is compared with that of a nanojet
microlens having the same dimensions, but made entirely of a homogeneous dielectric material with simulated refractive
index ny,;, such as the one illustrated in relation with figure 9b, n,.. being chosen so that n,;= n. Like the nanojet microlens

10



10

15

20

25

30

35

40

45

50

55

EP 3 633 421 A1

of figure 9a (referred to hereafter as effective index nanojet microlens), the nanojet microlens of figure 9b (referred to
hereafter as bulk nanojet microlens) is embedded in a host medium having a refractive index n,, and is lying on a
substrate layer having a refractive index ns.

[0073] The comparison is made for different lens configurations. More particularly, refractive indexes n, and n, are
set to remain constant, with n,=1.6 and n,=1, but the fill factor is modified so as to obtain a desired effective refractive
index for the stratified medium. To this end, the diagram of figure 10 showing dependence of the effective index of
refraction versus fill factor for a stratified medium comprises alternating dielectric layers having refractive index n,=1.6
and n,=1 may be used. The numerical marks 1, 2, 3 and 4 on this diagram correspond to microlens configurations
simulated.

[0074] Results of the simulation are presented in relation with figures 11 and 12. More particularly:

- figure 11 shows the simulated near field intensity patterns for the bulk (left) and effective index (right) nanojet
microlenses illuminated by a TE-polarized plane wave at A=450nm (wavelength in the host medium) from below, with:

@ny = n = 1.5 (fill factor = 0.8, numerical mark 1 on figure 10);
(b) Ny = n = 1.4 (fill factor = 0.6, numerical mark 2 on figure 10);
(c) ny= n = 1.3 (fill factor = 0.45, numerical mark 3 on figure 10);

- figure 12 shows the simulated near field intensity patterns for the bulk (left) and effective index (right) nanojet
microlenses illuminated by a TM-polarized plane wave at A=450nm (wavelength in the host medium) from below,
with ny: = n, = 1.4 (fill factor=0.8, numerical mark 4 on figure 10).

[0075] As may be observed on figures 11 and 12, for each microlens configuration, the field intensity patterns obtained
with an effective index nanojet microlens (right images) is very similar to the field intensity patterns obtained with a bulk
nanojet microlens (left images) having a corresponding refractive index. Analysis of figures 11 and 12 thus confirms
applicability of the effective index model (as defined by equations Eq.4a and Eq.4b) for the design of effective index
nanojet microlenses with performance characteristics similar to those of a nanojet lens made of ahomogeneous dielectric
material with a corresponding refractive index. It can be noted that the model works for both polarizations TE and TM,
provided the appropriate equation from the pair of equation Eq.4a and Eq.4b is selected.

5.3 Advantages of the proposed technique and practical application

[0076] According to an aspect of the present disclosure, a nanojet microlens comprising at least one portion of a
composite dielectric material formed so as to have an effective refractive index has been described. As explained
throughout the document, such an effective refractive index based nanojet microlens offer new possibilities for managing
performance of the generated nanojet beams, when compared to current nanojet microlenses. More particularly, by
varying the size, shape, and spacing of the inclusions (grooves, holes, cavities, layers) of a first dielectric material into
a second dielectric material, different effective refractive index values can be provided, giving access to an extended-
range of possible index ratio at an interface between the portion of a composite dielectric material (i.e. the effective
medium having the effective refractive index) and another region having a different refractive index (for example, the
host medium into which the device is embedded, or another portion of the device). The range of radiation angles of the
nanojet beams that can be generated with the proposed device is thus extended. This enables fine-tuning of the nanojet
lens performance characteristics, such as nanojet beam direction, focal length, and focusing efficiency (i.e. field intensity
enhancement). In particular, this allows fabricating nanojet microlenses with longer focal length, or modifying the focal
length of a fixed-size microlens, which may be of critical interest for some applications like image sensors design.
[0077] The proposed technique can also be used for the fabrication of complex nanojet beam-forming components
comprising two (or more) elements with different effective refractive indexes. Such components can provide symmetrical
or non-symmetrical nanojet beams depending on their topology. Figure 13 illustrates schematic views (vertical cross-
section) of possible embodiments of a microlens according to the proposed technique: (a) symmetrical single-layer and
single-material topology, (b) asymmetrical single-layer and double-material topology, (c) asymmetrical double-layer and
double-material topology, (d) and (e) symmetrical double-layer and double-material topology.

[0078] According to another aspect of the present disclosure, at least one effective refractive index nanojet microlens
of the proposed technique is embedded in a dielectric host medium.

[0079] In one embodiment, the dielectric host medium is in a solid state (e.g. glass, plastic, polymer material), and the
portion of a composite dielectric material of the microlens is formed by arranging a plurality of cavities within said dielectric
host medium. Figure 6, previously described, shows an example of such an embodiment.
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[0080] In another embodiment, notably in cases where the host medium is not in a solid state, the nanojet microlens
is possibly placed on a dielectric substrate acting as a support layer, whose material can be selected arbitrary. Figure
9a, previously described, shows an example of such an embodiment.

[0081] The proposed technique thus provides high flexibility for the implementation of a nanojet microlens component,
with high-adaptability to various host medium constraints.

[0082] In one embodiment, several nanojet microlenses according to the proposed technique are uniformly distributed
within the dielectric host medium, so as to form a regular two-dimensional or three-dimensional pattern. Such an em-
bodiment may notably allow far-field applications, as mentioned below.

[0083] The simplification of the fabrication of nanojet microlens is another important aspect of the present disclosure.
Indeed, with the proposed technique a nanojet-based beam-forming structure comprising a plurality of counterparts with
different refractive indexes can for example easily be obtained from a single dielectric bulk material, by creating grooves,
through-holes, or cavities only in some targeted portion of said bulk material. Such a structure can be fabricated using
established microfabrication technique, such as E-beam and UV/DUV lithography or nanoimprinting.

[0084] The nanojet microstructure may comprise one or more nanojet beam-forming elements arranged in one plane
(i.e. at a surface of a single plate). Preferably, the element should be placed far enough from each other to avoid
electromagnetic coupling (i.e. at least a few wavelengths in the host medium). Thanks to this, each microcavity will
produce an independent nanojet beam, whose parameters (beam width and deviation angle) will depend on parameters
of the corresponding microcavity and its illumination conditions. If placed closer, a collective response is possible.
[0085] Such arrays may serve as advanced analogs of diffraction gratings for various types of optical devices. In this
case, the collective response of a plurality of such nanojet elements can be used to create a desired far-field pattern.
[0086] In one embodiment, such a component can have a form of a plate made of an optically transparent material
(e.g. glass, plastic, polymer) with a nanojet microstructure created on one of its surfaces. The plate can be planar, or
curved, flexible (bendable).

[0087] The plate can be made of a single material or comprise several layers. The former option (single material) is
more suitable for resist-free molding fabrication methods, whereas the latter (layered) is more relevant to E-beam and
UV direct-write and lithography techniques.

[0088] In some embodiments, the plate with a nanojet microstructure can be attached to another component, e.g.
another dielectric plate acting as an optical waveguide or a plano-convex lens. In such case, the nanojet microstructure
may occur outside (i.e. on the external surface of the compound component) or inside (i.e. at the interface between the
two attached components).

[0089] Multi-layer structures with two or more arrangements of nanojet microcavities arranged in different horizontal
planes are also possible.

[0090] In some embodiments, it may be preferable to arrange the nanojet element in a form of an array (with a regular
or irregular layout). Such an array may comprise any number of identical or non-identical elements (in terms of size,
shape, orientation, and/or effective index). For instance, it can comprise identical nanojet elements with different orien-
tation or array of groups of nanojet cavities arranged in accordance to some rule in order to produce a more complex
optical function. This can be a certain near-field pattern or a larger-scale focused beam, produced as a result of recom-
bination of independent nanojet beams associated with different edges of the microstructure, that extends beyond the
near-zone of a single nanojet beam-forming element.

[0091] The topology of the nanojet cavity can also be generalized towards a more complex structure comprising two
or more counterparts characterized by different effective indexes. Figure 14 illustrates schematic views (vertical cross-
section) of such possible embodiments of a microlens comprising two or more counterparts. Here, it is assumed that
grooves are hollow and filled in with a host medium having refractive index lower than that of the lens bulk material (e.g.
air). Arrows schematically show the nanojet beams generated by the microlenses, when illuminated from below. Such
microstructures can be designed to produce more complex optical functions, e.g. for generating multi-beam patterns in
the near and/or far field zones. They may also be used for gaining additional degrees of freedom for near-field patterning
and/or for simplifying the fabrication/assembly process.

Claims

1. An optically-transparent device (ML) being configured for forming at least one focused beam (NJ) in a near field
zone of said device from an electromagnetic wave (EM) incidentally illuminating said device, when said device is
embedded in a dielectric host medium, wherein said device comprises at least one portion (P) of a composite
dielectric material, formed by inclusions of a first dielectric material having a first refractive index n4 into a second
dielectric material having a second refractive index n, different from the first refractive index n4, a dimension of each
of said inclusions in at least one direction being smaller than A/2, X being the wavelength of said electromagnetic
wave in said dielectric host medium, so that said composite dielectric material has an effective refractive index ng
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defined as a function of said first and second refractive indexes and as a function of a fill factor of said first dielectric
material within said second dielectric material, and wherein at least one of said at least one focused beam originates
from an edge between a bottom surface and a lateral surface of said at least one portion of a composite dielectric
material, the bottom surface being defined with respect to an arrival direction of said electromagnetic wave.

The optically-transparent device according to claim 1, wherein a width W, of said at least one portion is configured
so that A/2 < Wy < 10A.

The optically-transparent device according to claims 1 or 2, wherein said inclusions take the form of grooves,
through-holes, or cavities within said second dielectric material, said grooves, holes, or cavities being filed with said
first dielectric material.

The optically-transparent device according to claim 3 wherein said inclusions take the form of substantially spherical
cavities randomly distributed within said second dielectric material, the diameter of each of said cavities being smaller
than A/2.

The optically-transparent device according to claim 1 or 2, wherein said composite dielectric material is a stratified
medium, the inclusions taking the form of layers of said first dielectric material interleaved between layers of said
second dielectric material.

The optically-transparent device according to claim 5, wherein said stratified medium is configured so that W{+W,
< Mmax(n4,n,), where W, and W, corresponds respectively to the thickness of each layer of said first dielectric
material and to the thickness of each layer of said second dielectric material.

The optically-transparent device according to any one of claims 1 to 6, wherein said first dielectric material belongs
to the group comprising:

- glass;

- plastic;

- a polymer material;
- a liquid;

-agas.

The optically-transparent device according to any one of claims 1 to 7, wherein said second dielectric material
belongs to the group comprising:

- glass;
- plastic;
- a polymer material.

The optically-transparent device according to any one of claims 1 to 8, wherein said device comprises at least
another portion of a dielectric material, at least a surface of said another portion being in contact with a surface of
said one portion of a composite dielectric material, and said another portion having a refractive index different from
the effective refractive index ng of said one portion of a composite dielectric material.

The optically-transparent device according to claim 9, wherein said another portion of a dielectric material is made
of one of the first or second dielectric material.

A system comprising a dielectric host medium and at least one optically-transparent device according to any one
of claims 1 to 9 embedded into said dielectric host medium.

The system according to claim 11 wherein said dielectric host medium is in a solid state, and wherein the at least
one portion of a composite dielectric material of said optically-transparent device is formed by arranging a plurality

of cavities within said dielectric host medium.

The system according to claim 11 wherein said system comprises a dielectric substrate acting as a support layer
and wherein said at least one optically-transparent device is placed on said dielectric substrate.
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14. The system according to any one of claims 11 to 13 wherein said system comprises a plurality of optically-transparent

devices according to any one of claims 1 to 9, said optically-transparent devices being uniformly distributed within
said dielectric host medium so as to form a regular two-dimensional or three-dimensional pattern.

14
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